Objective The objective of this study was to examine the effect of cochlear dose on hearing preservation in stereotactic radiosurgery (SRS) and fractionated stereotactic radiotherapy (fSRT) for vestibular schwannoma (VS). Design This is a retrospective case-control study. Setting This study was completed at the Ronald Reagan UCLA Medical Center, a university-affiliated tertiary care center. Participants Patients who underwent SRS (marginal dose of 12 Gy) or fSRT (marginal dose of 50.4 Gy) procedures for VS were included in the study. Main Outcome Measures The main outcome measure was hearing preservation. Audiometric data, when available, were used to determine the level of hearing according to the Gardner Robertson scale. Results A total of 38 patients (14 SRS and 24 fSRT) were analyzed. SRS patients with decreased hearing received a significantly higher minimum cochlear dose (7.41 vs. 4.24 Gy, p ¼ 0.02) as compared with those with stable hearing. In fSRT patients, there were no significant differences in cochlear dose for patients with decreased hearing as compared with those with stable hearing. For SRS patients, who received a minimum cochlear dose above 6 Gy, there was a significant risk of decreased hearing preservation (odds ratio: 32, p ¼ 0.02).
Introduction
Vestibular schwannomas (VSs) are benign tumors that develop from myelin-forming Schwann cells that encompass the eighth cranial nerve. Stereotactic radiosurgery (SRS) and fractionated stereotactic radiotherapy (fSRT) have emerged as noninvasive alternatives to microsurgery for the treatment of VS, with high rates of tumor control and relatively fewer side effects documented in the literature. [1] [2] [3] Adverse effects associated with radiation-based therapies include tissue toxicity and damage to adjacent cranial nerves, but improved imaging modalities and lower marginal doses have minimized such morbidities.
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A major complication of SRS and fSRT is hearing decline. Hearing deterioration immediately following radiation therapy is rare and is often caused by neural edema, demyelination, or inflammation at the site of the lesion. 6, 7 However, the cause for delayed hearing loss remains unclear, with proposed mechanisms including gradual loss of microvessels, thrombosis of the internal auditory artery, and direct or immune-mediated injury to the vestibulocochlear nerve or cochlea hair cells. 6, 8 The adverse effects of SRS and fSRT may be associated with radiation dose deliver to the cochlea. Components of the cochlea are sensitive to radiation exposure and may be damaged as a result of radiation-based treatments. 9 Studies have shown that hearing loss following SRS was correlated with the treatment parameters of the intracanalicular part of the tumor and the radiation dose to the cochlea. 10, 11 However, Paek et al measured the radiation dose delivered to the cochlea, vestibulocochlear nerve, and cochlear nucleus in the brain stem, and found that a maximum dose of ! 10 Gy to the cochlear nucleus was a significant predictor of hearing loss. 12 Although SRS and fSRT aim to control tumor progression, preserve hearing, and minimize complications, the effects of these treatments on cochlear dose and hearing outcomes are not well established. In this single institutional experience, we estimate the dose of radiation delivered to the cochlea during SRS and fSRT, and analyze its effect on hearing preservation.
Methods

Patient Selection
A retrospective review was conducted to identify all patients who received SRS or fSRT for VS at a single tertiary care hospital between years 2009 and 2014. Patients with complete hearing loss, those without pretreatment imaging to evaluate cochlea size, or those with clinical follow-up duration less than 12 months were excluded. Patients with bilateral tumors or other intracranial lesions were also excluded.
Treatment Parameters
Treatment imaging for radiation therapy was acquired with 1.5 mm slice thickness computed tomography (CT) and 1.5 or 3.0 T magnetic resonance imaging (MRI). CT to MRI fusion was performed to define the target tumor and normal structures for planning. iPlan RT Dose treatment planning software (BrainLAB, Munich, Germany) was used to generate beam portals and calculate radiation dose via a pencil beam algorithm for a 6-MV Novalis Tx linear accelerator (BrainLAB) using a HD120 multileaf collimator with 2.55 mm leaf width. The treatment plans were reviewed and approved in a collaborative manner by a neurosurgeon and a radiation oncologist. Treatment was delivered via dynamic conformal arc or intensity modulated radiotherapy technique depending on the ability to improve sparing of normal tissue structures. Patients treated with SRS received a marginal dose of 12 Gy prescribed to the 90% isodose line. Patients treated with fSRT received a marginal dose of 50.4 Gy delivered through 28 fractions of 1.80 Gy prescribed to the 90% isodose line. All patients were immobilized in custom thermoplastic facemasks (BrainLAB) created at the time of the CT simulation scan. Final alignment was accomplished with ExacTrac image guidance system (BrainLAB) using stereoscopic X-ray for patient positioning and verification. For the SRS cohort, treatment setup tolerance was set to 1 mm, and verification imaging was performed prior to each beam or arc. For the fSRT cohort, treatment setup tolerance was set to 2 mm, and verification imaging was performed prior to the first beam or arc. Verification imaging was also repeated if the patient moved or if the treatment couch rotated.
Hearing Outcomes
Hearing was categorized as serviceable, poor, or no hearing. Serviceable hearing was defined as the capacity to use the phone unaided and to discriminate normal speech in the affected ear. Only patients with serviceable or poor hearing at initial evaluation were included in the study. Audiometric data were used to determine the level of hearing according to the Gardner Robertson (GR) scale. GR grades I to II were classified as serviceable hearing, GR grades III to IV as poor hearing, and GR grade V as no hearing. If pure tone average (PTA) and speech discrimination (SD) did not correlate to the same grade, the lower grade was used. For 15 patients, individual audiometric data were unavailable and hearing function was obtained from a combination of patient reports and physical examinations. Hearing outcome was dichotomized as either stable or decreased by comparing hearing at the last clinical follow-up with the initial pretreatment hearing.
Conclusion Higher minimum cochlear dose was predictive of decreased hearing preservation following SRS. Though the study is low powered, the radiation dose to the cochlea should be a parameter that is considered when planning SRS or fSRT therapies for patients with VS.
Dosimetry Calculations
Cochlea volumes were determined from T1-and T2-weighted MRI scans and confirmed on bone windows of the planning CT scans (►Fig. 1). The minimum, mean, and maximum cochlear radiation doses were obtained from the treatment planning software. Integrated radiation doses delivered to the cochlea volumes were calculated from dose-volume histograms. 
Statistical Analysis
Statistical analyses were performed using SPSS v. 
Radiosurgery Group
The initial pretreatment evaluation included seven patients (50%) with serviceable hearing and seven patients (50%) with poor hearing. By the last clinical follow-up, 4 patients (29%) had decreased hearing, and 10 patients (71%) had stable hearing. Of the seven patients who initially presented with serviceable hearing, two patients (29%) had decreased hearing, while five patients (71%) had stable hearing at last follow-up (►Fig. 2). The hearing statuses of patients before and after SRS are summarized in ►Table 2. Patients with decreased hearing had a mean of 11.6 months (range: 6.6-16.9) before hearing decline. The 5-year hearing preservation rate for all patients after SRS was 64%. The mean cochlea volume was 73.8 mm 3 (range: 41-121).
The minimum, mean, and maximum radiation doses delivered to the cochlea were 5.37 Gy (range: 2.5-10.1), 8.31 Gy (range: 4.1-11.9), and 10.8 Gy (range: 6.2-12.9), respectively. The mean integrated radiation dose delivered to the cochlea was 0.6 mJ (range: 0.3-1.1). ►Fig. 3 shows the averaged dose-volume histograms of the cochlea in patients with stable and decreased hearing after SRS (p < 0.001).
Results of different clinical and dosimetric parameters in GR grades I to IV patients with stable and decreased hearing Fig. 1 Images demonstrating the method of contouring the cochlea using (A) T2-weighted magnetic resonance images and confirmed with the (B) planning computed tomography scans.
after SRS are summarized in ►Table 3. When comparing the two groups, tumor volume (p ¼ 0.05) and minimum cochlear radiation dose (p ¼ 0.02) were significantly different. All other parameters were statistically insignificant. Cochlea volume, tumor volume, minimum radiation dose, and percentage of cochlea receiving greater than 5.3 Gy were then entered as covariates into multivariate logistic regression models. For SRS patients who received a minimum cochlear dose above 6 Gy, there was a significant risk of decreased hearing preservation (odds ratio: 32, p ¼ 0.02).
In determining cutoff values, a significant difference in the number of patients with preserved hearing was seen with a minimum cochlear radiation dose less than 5.4 Gy (p ¼ 0.02) or a mean cochlear radiation dose less than 8.8 Gy (p ¼ 0.02). There was also a significant difference in the percentage of cochlea volume receiving greater than 6.5 Gy between those with stable and decreased hearing (p ¼ 0.04).
Fractionated Radiotherapy Group
The initial pretreatment evaluation included 18 patients (75%) with serviceable hearing and 6 patients (25%) with poor hearing. By the last clinical follow-up, 9 patients (38%) had decreased hearing, and 15 patients (63%) had stable hearing. Of the 18 patients who initially presented with serviceable hearing, 5 patients (28%) had decreased hearing, while 13 patients (72%) had stable hearing at last follow-up (►Fig. 2). The hearing statuses of patients before and after fSRT are summarized in ►Table 4. Patients with decreased hearing had a mean of 15.7 months (range: 0.6-38.0) before hearing decline. The 5-year hearing preservation rate for all patients after fSRT was 63%.
The mean cochlea volume was 85.3 mm 3 (range: 47-131).
The minimum, mean, and maximum radiation doses delivered to the cochlea were 30. cochlea was 3.5 mJ (range: 1.9-6.0). ►Fig. 4 shows the averaged dose-volume histograms of the cochlea in patients with stable and decreased hearing after fSRT (p ¼ 0.42).
Results of different clinical and dosimetric parameters in GR grades I to IV patients with stable and decreased hearing after fSRT are summarized in ►Table 5. None of the 13 parameters was statistically different between the two groups. Cochlea volume and integrated dose were then entered as covariates into multivariate logistic regression models with no variables kept in the final model each time. Recently, cochlear dose and irradiation of inner ear structures have been associated with decreased hearing following radiation therapy. 10, 13, [24] [25] [26] [27] [28] In this study, the authors investigated the radiation delivered to cochlea and its effects on hearing preservation following SRS and fSRT for VS. To our knowledge, this is the third study to investigate the prognostic implication of cochlear dose after fSRT. 15, 16 Our analyses suggest that cochlear radiation dose is better associated with hearing outcomes following SRS than with fSRT. However, given the higher prescription isodose line and larger tumor volumes for the fSRT method, a more gradual dose gradient is achieved than in SRS. As such, there is likely less variation in overall cochlear dose with fSRT than with SRS.
Hearing Outcome after SRS and fSRT
In our cohort of patients with VS and serviceable hearing, the rate of hearing preservation was 71% in the SRS group and 72% in the fSRT group. Various rates of hearing preservation have been previously reported for both SRS and fSRT. Studies using SRS with median doses of 12 to 13 Gy have reported hearing preservation rates of 22 to 77%. 20, [29] [30] [31] Studies investigating conventional fSRT with median doses of 46.8 to 52.5 Gy delivered in 25 to 29 fractions have reported hearing preservation rates of 54 to 93%. [32] [33] [34] The discrepancy between reported values can be explained in part by disparities in the definition of hearing loss. Studies may report hearing loss as any decline in GR grade or a specific increase in PTA or SD. Furthermore, comparison between different studies is often confounded by difference treatment schemes and follow-up lengths. Regardless, our rates of hearing preservation appear consistent within the reported range. 35 However, the course of hearing loss following radiation therapy also requires further investigation. In a study by Combs et al, hearing loss was found to be most significant within the first 6 to 10 months after treatment.
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Conversely, Choy et al reported that hearing deterioration was mainly observed within the first 2 years after treatment.
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Hearing loss has also been observed at longer intervals. Chopra et al reported hearing preservation of 74% at the 3-year followup which declined to 44% by the 10-year follow-up. 30 In another study, Hasegawa et al reported a drop from 43% at the 5-year follow-up to only 34% at the 8-year follow-up. 37 In our study, hearing loss occurred at a mean of 10 months after SRS and 15 months after fSRT. The exact course of hearing deterioration following SRS and fSRT may not be fully elucidated. Therefore, the need for long-term follow-up is required to accurately evaluate hearing preservation as auditory function appears to decline even years after treatment.
Cochlear Dose in SRS
Several previous studies have demonstrated the adverse effects of radiation on inner ear structures. 9, [38] [39] [40] The first report of unexpectedly high doses of radiation being delivered to inner ear structures during VS treatment was in 2003 by Linskey et al. 41 Specifically, the authors retrospectively evaluated the radiation dose delivered to different temporal bone structures in 54 patients during Gamma Knife surgery with a mean tumor marginal dose of 14.2 Gy. The authors found that 14.8% of patients received cochlear doses greater than 12 Gy. This led the authors to hypothesize that radiation delivered to the inner ear contributed to decreased hearing following radiation-based therapies. Since then, numerous studies have validated the role of cochlear dose in decreased hearing following SRS. 10, 11, 13, 16, [24] [25] [26] [27] [28] Recent studies have attempted to better quantify this relationship by identifying a specific radiation threshold that avoids suboptimal outcomes.
Although there is a consensus that cochlear dose correlates with hearing outcomes, the specific radiation dose that the cochlea can tolerate requires further elucidation. Prior studies support avoiding a cochlear dose of 3 to 5 Gy during SRS.
14,24,25 Jacob et al reported that patients who received a mean dose less than 5 Gy to the cochlea were more likely to maintain serviceable hearing. 25 Another study demonstrated that a radiation dose less than 4.2 Gy to the central cochlea was predictive of preserved hearing in patients younger than 60 years. 14 Baschnagel et al evaluated the hearing outcomes of 40 patients with serviceable hearing after Gamma Knife surgery for VS and found that a mean cochlear dose less than 3 Gy had a 2-year hearing preservation rate of 91% compared with 59% in those who received greater than 3 Gy. 24 However, the authors reported that even low cochlear irradiation had a dose-response relationship on hearing loss with none of the patients receiving a mean cochlear dose less than 2 Gy losing serviceable hearing at last follow-up. Brown et al proposed that the cochlea volume irradiated above a certain threshold, rather than a specific point radiation dose, predicted hearing loss. 13 The authors suggested limiting the percentage of the cochlea volume exposed to greater than 5.3 Gy. Specifically, for every single percentage increase in cochlea volume receiving greater than 5.3 Gy, there was a 0.168 dB increase in PTA at last follow-up. Compared with prior literature, the SRS patients in this study received a higher overall cochlear dose. We attributed this finding to a large proportion of SRS patients presenting with nonserviceable hearing, and thus treatment planning for these patients may not have specifically constrained the cochlea. Nevertheless, there was a significant difference in the minimum dose delivered to the cochlea volume between those with stable and decreased hearing on univariate analysis. Our findings suggest that limiting the minimum cochlear dose to less than 5.4 Gy and potentially restricting mean cochlear dose to less than 8.8 Gy results in more patients with preserved hearing. Furthermore, we found a significant relationship between the percentage of the cochlea volume receiving greater than 6 Gy and decreased hearing outcomes.
Cochlear Dose in fSRT
Few studies have directly investigated the effect of cochlear dose on hearing outcomes after fSRT for VS treatment. Thomas et al analyzed hearing outcomes of 34 patients treated with 50 Gy delivered in 25 fractions with a tumor dose of 45 Gy prescribed to 90% isodose. 16 The authors recorded the percentage of cochlea receiving 90, 80, and 50% of the prescription dose, as well as the minimum and maximum point doses to the cochlea. The authors found a significant difference in all five dosimetric variables in those with less than 15 dB increase in speech reception threshold and those with greater than 15 dB increase at last follow-up. Similarly, Rasmussen et al measured the percentage of the cochlea receiving a minimum of 90% of the total radiation dose in 15 patients who initially presented with serviceable hearing and underwent treatment with 54 Gy delivered in 27 to 30 fractions. 15 The authors reported a significant positive correlation between cochlear dose and an increased speech reception threshold, but not with SD loss. In a prospective study of head-and-neck cancers, Pan et al reported that a mean cochlear dose less than 45 Gy was favorable for hearing preservation.
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Limitations
Several limitations were made apparent during data synthesis. First, compared with those patients treated with SRS, patients treated with fSRT had larger tumors and higher rates of serviceable hearing. This selection bias may reflect the current literature reporting higher hearing preservation rates with fSRT than with SRS. Second, a large number of patients who presented with complete hearing loss or those with insufficient follow-up duration were excluded. This decreased our sample size and thus, reduced our statistical power. Audiometry results were also incomplete, and therefore, PTA and SRT could not be analyzed as primary outcome measures. Third, a minimum follow-up period of 12 months may not adequately encompass the course of hearing deterioration following SRS or fSRT. Finally, possible inaccuracies in iPlan RT Dose for small field dosimetry have been previously reported. However, for field sizes larger than 10 mm the error is less than 4% and typically below 3%. Future investigations should include a randomized controlled trial comparing SRS and fSRT.
Conclusion
Our results reveal that higher minimum cochlear dose was predictive of decreased hearing preservation following SRS and should be considered in VS treatment. In addition, the percentage of the cochlea volume exposed to more than 6 Gy should be limited. Conversely, cochlear dose delivered in fSRT did not predict hearing loss. Consensus regarding the dose below which radiation poses no adverse effects to the cochlea has not be reached. The cochlear nerve is intrinsic to the target volume, and therefore, hearing loss may be an inevitable consequence regardless of dose.
